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Abstract

Background
Extravillous trophoblast (EVT) cells play an essential role in the maternal-fetal interaction. Although
abnormal development and function of EVT cells, including impaired migration and invasion capability,
are believed to be etiologically linked to severe pregnancy disorders including pre-eclampsia (PE), the
associated molecular mechanisms are not clear ascribed to the lack of an appropriate cell model in vitro.
Cyclosporine A (CsA) is a macrolide immunosuppressant and is also used in clinic to improve pregnancy
outcomes. However, whether CsA has any effects on the function of EVT cells has not been well
investigated.

Methods
In this study, we induced differentiation of human induced pluripotent stem cells (hiPSCs) and human
embryonic stem cells (hESCs) into EVT cells (hiPSC-EVT and hESC-EVT cells, respectively) by Y27632,
NRG1, A83-01 and matrigel, and collected these derived EVT cells by �ow cytometry for sorting cells
positive for double HLA-G and KRT7, which are EVT markers. We then investigated the effects of CsA on
the invasion and migration of these derived EVT cells.

Results
We found that the hiPSC-EVT and hESC-EVT cells expressed high levels of the EVT markers such as
KRT7, ITGA5 and HLA-G but low levels of OCT4, a stem cell marker, and that CsA signi�cantly promoted
the invasion and migration of hiPSC-EVT and hESC-EVT cells.

Conclusions
We successfully generated hiPSC/hESC-derived human EVT cells, which may be applicable for
investigating the remodeling process of spiral arteries remodeling and the possible mechanisms of EVT-
related diseases in vitro. Furthermore, our �ndings provide direct evidence that CsA regulates the function
of EVT cells and molecular basis by which CsA may be used to treat pregnancy complications in clinic
associated with de�cient EVT function.

Introduction
Human placenta formation is a complex and sophisticated process that is initiated by trophoblasts. After
fertilization, the trophectoderm (TE) cells give rise to trophoblasts, including cytotrophoblast (CTB),
syncytiotrophoblast (STB) and extravillous trophoblast (EVT) [1]. In the distal end of the anchoring villus,
the proliferative cell columns differentiate into EVTs. Following that, the EVT cells invade the uterine
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decidua, the muscular layer (inside 1/3) and the spiral arteries [2], which plays an important role in
gradual displacement of vascular endothelial cells and in the endovascular remodeling of the spiral
artery. The EVT-associated process transforms spiral arteries from high resistance and low �ow to h low
resistance and high �ow blood vessels, and establishes maternal fetal blood circulation to ensure
adequate supply of oxygen and nutrients to fetus during pregnancy [3–5]. Previous studies have shown
that abnormal changes in EVT invasion lead to pregnancy-related diseases such as pre-eclampsia (PE),
fetal growth restriction (FGR) and early recurrent spontaneous abortion (RSA) [6–8], while the exact
mechanisms by which EVT functional de�ciency causes these diseases are not clear, in part due to the
lack of a valid in vitro model to study the physiology and pathophysiology of EVT cells.

Currently, the study of trophoblast differentiation and placental formation mainly focuses on animal
models, primary human trophoblast cells, choriocarcinoma cell lines and BMP4-induced differentiation
[9]. However, these models do not completely recapitulate the mechanisms of human trophoblast
differentiation or placenta formation due to their respective limitations. For instance, although the mouse
model mimics the development of trophoblast and placental development in vitro, there are signi�cant
species differences in the extent of EVT cells invasion into the uterus [10–11]. Also, the primary
trophoblast cells isolated from the �rst-trimester placenta rapidly differentiate and do not survive for a
long period of time in vitro [12–13]. In addition, the ethical issues have limited the use of primary cultured
trophoblast cells isolated from human placenta. Based on the above limitations, pluripotent stem cells
(hiPSCs) or human embryonic stem cells (hESCs) treated with BMP4 for differentiation have been
introduced. This model has several signi�cant advantages: �rst, hiPSCs and hESCs can be cultured for a
long time and remain in the undifferentiated state [14]; second, hiPSCs and hESCs have the ability to
differentiate into trophoblasts [15]. However, the trophoblast cells derived from hiPSCs and hESCs remain
controversial with their heterogeneity. In 2018 Okae et al generated human trophoblast stem (TS) cells
from the �rst-trimester placentas and blastocysts, and showed that TS cell has the ability to differentiate
into EVT and syncytiotrophoblast (ST) [16]. This study also showed that these trophoblasts have
expression pattern similar to the primary cultured EVT cells [16]. However, the generation of this model
still exhibits ethical limitations. Similarly, the establishment of the arti�cial mini-placenta model may
provide a good system for trophoblast development [17]. Nevertheless, it is still unclear whether the
arti�cial mini-placenta model is currently available and can mimic the differentiation and the regulatory
mechanisms of the �rst trimester trophoblasts in vitro.

Cyclosporin A (CsA) is a macrolide immunosuppressant and mainly used for immunological rejection
after organ transplantation and treatment of autoimmune diseases. Previous studies have shown that
CsA enhances Th2-type cytokine production at the maternal-fetal interface in human �rst trimester [18],
thus it might provide bene�ts for patients with pregnancy related diseases such as spontaneous
pregnancy wastage. Previous surveys have also suggested that low doses of CsA motivate the
proliferation, invasion and migration of human �rst-trimester trophoblasts via activating the mitogen-
activated protein kinase (MAPK) signaling pathways [19–21]. Consistent with the above observations,
animal experiments also suggested that low concentration of CsA improve pregnancy outcomes by
promoting the proliferation and invasiveness of murine trophoblasts and inducing maternal tolerance to
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the allogeneic fetus in abortion-prone matings [22]. However, the effects of CsA on EVT function and its
regulation mechanism have not been de�ned during early human pregnancy.

In the present study, we induced differentiation of hiPSC and hESC into EVT (hiPSC-EVT and hESC-EVT,
respectively) cells with several factors, and characterized these derived EVTs. We further examined the
effects of CsA on the invasion and migration of these hiPSC-EVT and hESC-EVT cells.

Materials And Methods

Ethic statement
The study proposal was approved by the Ethics Committee of The First A�liated Hospital of Hainan
Medical University (2017-KY-001). All donors signed informed consent forms in this research.

Isolation and culture of human primary trophoblast cells
The primary trophoblasts were isolated and cultured from human placentas of healthy women as
previously described [23–24]. Brie�y, placental tissues between 6 ~ 9 weeks of gestation were cut into a
size of 1 mm3, and digested three times in a solution with 0.25% Trypsin and Accutase (1:1) at 37 °C for
10 min. Then, the digestion liquid was collected in a 50 ml tube with an equal volume of Horse serum,
�ltered through a 100 µm strainer and centrifuged at 4 °C (1200 × g, 15 min). Cell suspension was then
added to the Percoll density gradient (30%-50%) for centrifugation at 4 °C (1200 × g, 20 min). The layer
containing trophoblast cells was collected between the 30% and 50% Percoll density (1.048–1.062 g/ml),
suspended in DMEM-F12 medium containing 10% FBS and centrifuged at 4 °C (1200 × g, 5 min). The
resulting trophoblast cells were transferred into DMEM-F12 medium containing with 10% FBS and 1%
penicillin-streptomycin (10000 units/ml -10000 µg/ml each). Finally, trophoblast cells were transferred to
six-well plates coated with matrigel (200 µl in 36 ml DMEM-F12) at density of 5 × 105 cells/ml, and
cultivated at 37 °C in 5% CO2. After 5–12 h culture, the non-adherent cells were removed.

Culture of hESCs, hiPSCs and HTR-8/SVneo cells
HESCs and hiPSCs were cultured according to the protocols developed by Hainan Provincial Key
Laboratory for Human Reproductive Medicine and Genetic Research [25]. Brie�y, hiPSCs (from the �rst-
trimester human placenta villus) and hESCs (H1 line obtained from Pei's labs with WiCell approval) were
cultured under mTeSR1, and passaged with EDTA every 2–3 days. HTR-8/SVneo cells (a gift from Xiao's
labs with WiCell approval) were incubated in RPM1640 medium contaning 10% FBS. HTR-8 cells were
passaged every 2–3 days. Cells after 2–3 passages were used in this study.

Differentiation of hESCs and hiPSCs into EVT cells
Differentiation of hESCs and hiPSCs into EVT cells was induced as previously reported [16]. Brie�y,
hESCs and hiPSCs were reached to 75%~80% con�uence in the mTeSR1 medium, and digested with
EDTA-TrypLE for 3 min in a CO2 incubator (5% CO2; 37 °C). To induce EVT differentiation, hESCs and
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hiPSCs were seeded at a density of 1.5 ~ 2.0 × 105 cells per well in a 6-well plate pre-coated with 1 ml
matrigel. Cells were incubated in 2 mL EVT basal medium (DMEM-F12 containing 0.1 mM 2-
mercaptoethanol, 0.5% Penicillin-Streptomycin, 0.3% BSA, and 1% ITS-X supplement) supplemented with
100 ng/ml human neuregulin-1 (NRG1), 7.5 mM A83-01, 2.5 mM Y27632, and 4% Knock Out Serum
Replacement (KSR). Then matrigel was added in this medium as a �nal concentration of 2%. At day 3, the
medium was substituted for the above medium without NRG1, and matrigel was added as a �nal
concentration of 0.5%. At day 6, the medium was substituted for the medium without NRG1 and KSR, and
matrigel was added as a �nal concentration of 0.5%. Cells were analyzed by �ow cytometry at day 9.

Flow cytometry
EVT cells derived from hESCs and hiPSCs, respectively, named hESC-EVT and hiPSC-EVT cells, were
digested at 37 °C for 5–10 min in a solution containing Trypsin and Accutase (1:1). The resulting cells
passed through a 70 mm mesh �lter, and suspended in PBS. Then cells were incubated with a PE-
conjugated anti-HLA-G antibody (1:50) and an APC-conjugated anti-KRT7 antibody (1:50) at 37 °C for
30 min for �ow cytometric analysis and sorting. Cells without incubation with these antibodies were used
as a negative control. The HLA-G positive and KRT7 positive cells (double positive cells) were sorted
through �ow cytometry FACSAria II (BD Biosciences), and data were analyzed by FlowJo_V10 software
(BD Biosciences). All reagents used are summarized in Table S1.

Immuno�uorescence staining
The double positive cells were �xed in a solution of methanol and acetone (1:1) at -20 °C for 30 min. After
wash with PBS, cells were incubated for 1 h at room temperature with the blocking buffer (5% BSA and
0.1% Tween-20 in PBS), then incubated overnight at 4 °C in the following primary antibodies: anti- KRT7
(1:200), anti-HLA-G (1:200), anti-OCT4 (1:200), anti-ITGA5 (1:200). After then, cells were incubated for 1 h
at room temperature with appropriate Alexa Fluor 568-conjugated or Fluor 488-conjugated secondary
antibodies. Nuclei were stained with DAPI. Immuno�uorescence staining images were obtained with a
Laser Scanning Confocal Microscope (FV1000, Olympus, Japan). All antibodies used are summarized in
Table S2.

Reverse transcription and quantitative polymerase chain
reaction (RT-qPCR)
According to the Trizol Reagent manufacturer’s protocol, total RNA was isolated from cells. The purity
and concentration of total RNA were tested with a NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scienti�c). The cDNA was synthesized from total RNA using PrimeScript II. With the SYBR Premix Ex
TaqII, real-time PCR reaction was performed. The expression level of target genes was determined by the
△△Ct method, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the internal control. The
sequences of primers used are summarized in Table S3.

Invasion assay
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Cell invasion was evaluated by transwell chamber assay as previously described [19]. Brie�y, the upper
inserts (8 µm pore size, 6.5 mm diameter, Corning, USA) pre-coated with 200 µl matrigel were placed at
37 °C for 1 h in a CO2 incubator. Both hESC-EVT and hiPSC-EVT (2.5 × 104 cells/well) cells were treated
with various concentrations of CsA (0, 1.0, and 10 uM, respectively) in the upper chamber after the
matrigel were removed. The lower chamber was added with 600 µL EVT basal medium supplemented
with 10% FBS. Cells were cultured in 5% CO2 and 37 °C for 48 h. The cells without invading the �lters
were removed with a cotton swab from the upper surfaces. The inserts were �xed for 30 min with 4%
paraformaldehyde, and then stained with Giemsa Stain solution at room temperature for 10 min. Staining
was captured with Olympus microscope (BX51 + DP72, Olympus, Japan). The cells invaded the �lters to
the lower surfaces were counted in 6 randomly selected at a magni�cation of × 400, and non-overlapping
�elds. Each experiment was performed in triplicate, and duplicated at least 3 times. The migration index
was determined by the rate of the percentage of cell invasion from the varied concentrations of CsA to
that of the vehicle.

Scratch wound healing assay
Cell migration was performed by the scratch wound healing assay as described previously [19]. Brie�y,
hESC-EVT and hiPSC-EVT cells were grown to 75%~80% con�uency and dissociated with Trypsin and
Accutase for 5–10 min at 37 °C. Then, cells were seeded in a culture-insert (Ibidi, Germany) at a
concentration of 5 × 105 cells/well, and cultured for 12 h at 37 °C until cells reached con�uency. The
wound formed after removal of the insert. After then, cells were transferred into EVT medium containing
10% FBS, and incubated with different concentrations of CSA (0, 1.0, and 10 µM, respectively). The
wound was observed and recorded until the wound healed.

Statistical analyses
All data were presented as means ± standard errors of the means (SEMs). Student’s t tests were used to
determine the differences in data between groups, and P 0.05 was considered statistically different. The
results of RT-qPCR, invasion assay, scratch wound healing assay and �ow cytometry assay shown were
representative of three independent experiments.

Results

Characterization of hESCs and hiPSCs
HiPSCs from villous cells were generated as previously reported [25]. Both hESCs and hiPSCs were
maintained in the undifferentiated state (Fig. 1a). We performed immunostaining for the pluripotent
marker OCT4 on hESCs and hiPSCs and as expected, we observed OCT4 positive staining of hESCs and
hiPSCs (Fig. 1c, 1d). We also used �ow cytometry to identify hESCs and hiPSCs that were positive for the
trophoblast marker KRT7, and found that the expression of KRT7 was low, and that no HLA-G expression
was detected in these cells (Fig. 1c, 1d).
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Differentiation of hESCs and hiPSCs into EVT cells
Y27632 was important for cell attachment as a Rho-associated protein kinase (ROCK) inhibitor [16].
Matrigel was induced outgrowth of EVT cells from placental explants [26]. A recent research also found
that decidua-derived NRG1 promoted EVT formation in placental explants [27]. In addition, the TGF-b
inhibitor A83-01 promoted differentiation of CTB cells into EVT-like cells [16].

According to the method described previously [16], we cultured h hESCs and hiPSCs in a medium
containing NRG1, A83-01, Y27632 and matrigel to induce differentiation based on the protocol shown in
Fig. 2a. We found that the hESCs and hiPSCs changed from a colony-like morphology to an epithelial-like
morphology at day 3 (Fig. 2b), and began to form cyst-like structures at day 6 (Fig. 2b).

Sorting and culturing of induced HLA-G-KRT7 double-
positive hESC-EVT and hiPSC-EVT cells
We analyzed the double HLA-G + and KRT7 + cells by �ow cytometry at day 9 of induction (Fig. 2c), and
found that the induction e�ciency of hESCs and hiPSCs differentiation into EVT cells was different, but
no signi�cant difference between these two cell types was observed (Fig. 2d) (P 0.05). We also compared
the induction e�ciency of hESCs and hiPSCs cultured in different culture dishes, and found that the six-
well cluster dishes was better than the 10 cm cell culture dish with regard to differentiation e�ciency (Fig.
S2a, 2b, 2c).

We �rst cultured the double HLA-G + and KRT7 + positive cells (i.e. hESC-EVT and hiPSC-EVT cells)
obtained through �ow cytometry in EVT basal medium, and found that the conditions did not sustain the
survival of these derived cells, and most of them were not attached (data not shown). Therefore, we
tested different culture conditions, and found that Y27632 and FBS were important for cell attachment
and proliferation (Fig. 3a). Also, we realized that the derived cells needed to be seeded in a pre-coated
with matrigel for 30 min. After hESC-EVT and hiPSC-EVT cells were passed 3–5 times, we found that
these cells underwent epithelial-mesenchymal transition (Fig. S2d).

Characterization of HLA-G+/KRT7 + positive hESC-EVT and
hiPSC-EVT cells
We next characterized the double HLA-G+/KRT7 + positive hESC-EVT and hiPSC-EVT cells with regard to
gene expressions and biological functions. RT-qPCR analysis revealed that compared to the
undifferentiated hESC and hiPSC cells, hESC-EVT and hiPSC-EVT cells has signi�cantly lower expression
of OCT4 (shown at day 0) but higher expression of HLA-G, ITGA5, and KRT7 (shown at day 9) (Fig. 3b).
Consistent with the above observations, immuno�uorescence staining revealed that these cells strongly
expressed KRT7 (Fig. 3c), HLA-G (Fig. 3d) and ITGA5 (an EVT maker) (Fig. 3e). These results were in line
with the observations from the primary cultured trophoblast cells (Fig. S1a) and the HTR-8/SVneo (an
immortalized extravillous trophoblast cell line) (Fig. S1b). Additionally, the expression of matrix
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metalloproteinases (MMPs), such as MMP 2 and MMP 9, which participate in human early trophoblast
invasion through degrading the extracellular matrix (ECM), was signi�cantly increased in the hESC-EVT
and hiPSC-EVT cells compared to the hESC/hiPSC control (P 0.05) (Fig. 3f). These �ndings argue that
the induced double HLA-G+/CK7 + cells were EVT cells.

CsA promotes invasion of hESC-EVT and hiPSC-EVT cells
We next tested the effect of CsA on the invasion capability of hESC-EVT and hiPSC-EVT cells using the
matrigel-based transwell assay. The induced hESC-EVT and hiPSC-EVT cells in the presence of different
concentrations of CsA (0, 1.0, and 10 µM, respectively) were cultured in the upper insert. After incubation
for 48 h, the number of cells migrating to the lower surface were counted. CsA signi�cantly increased the
invasion capability of hESC-EVT (Fig. 4a, 4b) and hiPSC-EVT (Fig. 4c, 4d) cells in a dose dependent
manner. Hence, CsA promotes the invasion of hESC-EVT and hiPSC-EVT cells.

CsA promotes migration of hESC-EVT and hiPSC-EVT cells
We also used the scratch wound healing assay to examine the effect of CsA on the migration capability
of hESC-EVT and hiPSC-EVT cells. CsA signi�cantly decreased the gap of the wound by migrating hESC-
EVT (Fig. 5a, 5b) and hiPSC-EVT (Fig. 5c, 5d) cells in a dose-dependent manner. Further observations
revealed that the gap of the wound was almost disappeared 12 h ~ 15 h after treatment with treatments
of 1.0 µM and 10 µM of CsA, respectively, while in the vehicle control group, the gap of the wound was
closed after 20h ~ 24 h. Hence, CsA promotes the migration of hESC-EVT and hiPSC-EVT cells.

Discussion
In this study, we derived EVT cells from hESCs and hiPSCs in vitro through incubation with a combination
of various molecules, including Y-27632, A83-01, NRG1 and matrigel. The hESC-EVT and hiPSC-EVT cells
we generated strongly expressed HLA-G and KRT7, markers of EVTs. Furthermore, we found that CsA
promoted the invasion and migration of hESC-EVT and hiPSC-EVT cells, providing direct evidence for
clinical application of CsA in treatment of pregnancy-related diseases such as PE, which are etiologically
linked to de�cient function of EVT cells.

In 2018, Okae et al derived human TS cells from blastocysts and the �rst-trimester placentas, and showed
that TS cells could differentiate into EVT cells e�ciently on a matrigel-supplemented medium in vitro [16].
Another study successfully used a micromesh culture technique to induce TS cells from trophectoderm-
like cysts [28], and con�rmed that the TS cells differentiate into EVT cells using Okae’s method. It is
noteworthy that Turco et al adopted an in vitro culture system to establish the trophoblast organoids, and
the trophoblast organoids generated an invasive and migratory HLA-G + EVT cells according to Okae’s
protocol [29]. Unlike the studies reported by Okae et al, we induced hiPSCs isolated from human villus
and hESCs to differentiate into EVT cells rather than TS cells treated with the same chemicals used in
their studies. We found that hiPSCs and hESCs gave rise to EVT-like cells as evidenced by high expression
of HLA-G and ITGA5 in EVT-like cells and low expression of OCT4. Nonetheless, our �ow cytometry
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analysis suggested that the induction e�ciency in our study was much lower than that reported in Okae’
studies. One of the underlying reasons is that these studies used different cells for induction: human TS
cells used in previous studies and hESCs/hiPSCs used in our study. However, since the double positive
EVT cells generated in our study were much like the primary EVT cells obtained from the �rst-trimester
placentas (Fig. S1a). In addition, the proportion of double positive EVT cells generated in our study was
higher than that of the primary EVT cells obtained from the �rst-trimester placentas by �ow cytometry
(Fig. S1c). We believe that our system is suitable for the study of EVT cell functions in vitro. While the
hESCs or hiPSCs treated with BMP4 differentiate into trophoblast-like cells, the BMP4-induced TB-like
cells were mostly ST cells rather than EVT cells [25]. Since a possible trophoblast stem cell state may be
presented during hESCs/hiPSCs differentiation into trophoblast cells, these TB-like cells could further
differentiate into ST cells and EVT cells [30–31].

CsA is widely used for immunological rejection after organ transplantation. Recent studies have shown
that CsA can be used to maintain the maternal-fetal tolerance and regulate trophoblast function. Our
previous study showed that CsA improves the invasion adhesion and adhesion of mouse pre-
implantation embryos by up-regulating MMP9 and integrin β3 [32]. In line with the above observations, a
study from another group revealed that a low concentration of CsA enhances growth and invasion of the
human �rst-trimester trophoblast cells in vitro through activating MAPK/ERK1/2 signal pathway [20]. In
addition, animal experiments showed that the low dose of CsA signi�cantly reduces the mouse embryo
absorption rate and improve pregnancy outcome in a spontaneous abortion (RSA) murine model [22],
thus supporting those in vitro �ndings. As well known, the invasive EVT cells of the �rst trimester play an
essential role in arterial remolding process; insu�cient invasion or migration of EVT cells contributes to
PE development, fetal growth restriction (FGR), and RSA [6–7] [33]. However, the effects of CsA on EVT
cell function is not clear during placenta development. In the present study, we treated the hiPSC-EVT and
hESC-EVT cells with different concentrations of CsA, and found that CsA dose-dependently promoted the
invasion and migration of hiPSC-EVT and hESC-EVT cells. Although the underlying mechanisms remains
to be elucidated, our �ndings provide direct molecular basis of clinical application of CsA in the
prevention and treatment of EVT cells dysfunction-related pregnancy complications.

To the best of our knowledge, this was a research that derived EVT cells from hESCs and hiPSCs without
using BMP4. Since the ethical problems, primary trophoblast cells are di�cult to obtain from human
blastocysts and placental tissues. Furthermore, the isolate trophoblast cells cannot survive for a long
time in vitro [12–13]. However, our study showed that the hESC-EVT and hiPSC-EVT cells could survive
and proliferate under a culture condition containing 20% FBS and Y27632. When these cells were passed
several times, their morphology underwent epithelial-mesenchymal transition (EMT) (Fig. S2d). These
induced EVT cells gradually changed to obtain a �broblast-like morphology. Previous studies found that
the process of EMT was important for the migration and invasion of EVT cells in the human �rst-
trimester, involved the attachment to the basement membrane and the degradation of the extracellular
matrix [34–35]. Hence, the migration or invasion capacity of these derived EVT cells may highly linked
with the process of EMT. Although the induction e�ciency in this study was low, our study described an
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in vitro cell system that can be used to study the maternal arterial remodeling process and disorders
related to dysfunctional EVT cells.

Conclusion
In summary, we established EVT cells derived from hESCs and hiPSCs through induction by several
factors without BMP4. These hESC-EVT and hiPSC-EVT cells represent a new cell model for investigating
the function of EVT cells and mechanism of pregnancy-related disorders associated with EVT. Also, our
�ndings that CsA promotes the invasion and migration of EVT cells provide molecular basis for clinical
application of CsA in the prevention and treatment of EVT cells dysfunction-related pregnancy
complications.
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Figure 1

Characterization of hESCs and hiPSCs. (a) Morphology of isolated hESCs (H1) and hiPSCs. Scale bar,
200 μm. (b) Flow cytometry analysis of hESCs and hiPSCs positive for KRT7+ and HLA-G+, respectively.
(c&d) Immunostainning images showing hESCs and hiPSCs positive for the stem cell marker OCT4,
trophoblast cell marker KRT7 and EVT cell marker HLA-G. Scale bar, 50 μm.

Figure 2

Differentiation of hESCs and hiPSCs into EVT cells. (a) Schematic representation of the protocol used for
direct induction of differentiation of hESCs and hiPSCs into EVT cells. The EVT medium contains
Y27632, A83-01, NRG1, matrigel and KSR at day 0. AT day 3, this medium was replaced with another
medium without NRG1. At day 6, the medium was replaced with another medium without NRG1 and KSR.
The EVT-like cells were harvested at day 9. (b) Images showing morphological changes of hESCs and
hiPSCs after differentiation induction at day 0, 3, 6 and 9, respectively. The cells have an epithelial-like
morphology. Scale bar, 200 μm. (c) Flow cytometry analysis of HLA-G+ and KRT7+ cells derived from the
differentiation of hESCs and hiPSCs at day 9. (d) Percentage of KRT7 and HLA-G positive cells derived
from hESCs and hiPSCs. *P 0.05 compared with the control. Data shown were compiled from three
independent experiments.
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Figure 3

Characterization of double HLA-G+/KRT7+ EVT cells derived from differentiation of hESCs and hiPSCs.
(a) Phase contrast images showing double HLA-G+/KRT7+ hiESC-EVT and hiPSC-EVT cells. Please note
that EVT cells maintained epithelial-like morphology. Scale bar, 200 μm. (b) RT-qPCR analysis of
expression levels of pluripotency gene OCT4, trophoblast speci�c gene KRT7, and EVT speci�c genes
HLA-G and ITGA5 in hESCs and hiPSCs (day 0) and double HLA-G+/KRT7+ hESC-EVT/hiPSC-EVT cells
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(day 9). Values were normalized to GADPH and the gene expression at day 0 serves as a control. *P 0.05
compared with the control. Data shown were compiled from three independent experiments. (c&d)
Immunostaining for OCT4, KRT7, ITGA5 and HLA-G in HLA-G+/KRT7+ EVT cells. Nuclei were stained with
DAPI. Scale bar, 50 μm. (f) RT-qPCR analysis of expression levels of MMP2 and MMP9 in hESCs and
hiPSCs (day 0) and double HLA-G+/KRT7+ hESC-EVT/hiPSC-EVT cells (day 9). Values were normalized to
GADPH and the gene expression at day 0 serves as a control. *P 0.05, **P < 0.01 and ***P < 0.001
compared with the control. Data shown were compiled from three independent experiments.

Figure 4

CsA promotes invasion of hESC-EVT and hiPSC-EVT cells. (a&c) hESC-EVT cells (a) and hESC-EVT cells
(c) were cultured on transwell inserts for 48 h in the medium containing different concentrations of CsA
as indicated. Representative images showing the invasion of EVT cells through the matrigel-coated
membranes. Magni�cation, 400x. Scale bar, 20 μm. (b&d) The invasion index of hESC-EVT cells (b) and
hiPSC-EVT cells (d) under different conditions were normalized to the control. *P < 0.05, **P < 0.01 and
***P < 0.001 compared to the vehicle controls. Data shown were compiled from three independent
experiments, and are expressed as mean ± SEM.
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Figure 5

CsA promotes migration of hESC-EVT and hiPSC-EVT cells. (a&c) Analysis of the cell migration by the
scratch wound healing assay. An open wound was generated by scratching cells at 90% con�uency with
a culture-insert. Treatments with different concentrations of CsA as indicated facilitated the migration.
The distance between the wounds in the hESC-EVT and hiPSC-EVT cells was measured. Representative
images were obtained at 0, 6, and 12 h after CsA treatments. (b&d) The migration rates of hESC-EVT and
hiPSC-EVT cells under different treatment conditions were calculated using the following formula: (area
of the wound at 0h ‒area of the wound at 6h or 12h)/area of the wound at 0h. *P < 0.05, **P < 0.01 and
***P < 0.001, compared with the vehicle control. Data shown were compiled from three independent
experiments, and are expressed as mean ± SEM.
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